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A scalable, high-performance quantum processor can be implemented using near-resonant dipole-
dipole interacting dopants in a solid state host. In this scheme, the qubits are represented by ground
and subradiant states of effective dimers formed by pairs of closely spaced two-level systems, while
the two-qubit entanglement either relies on the coherent excitation exchange between the dimers or
is mediated by external laser fields.
PACS numbers: 03.67.Lx, 42.50.Fx
I. INTRODUCTION
Quantum information science, which is based on quan-
tum principles and which extends and generalizes the
classical information theory, is currently attracting enor-
mous interest, due to its fundamental nature and its po-
tentially revolutionary applications to computation and
secure communication [1]. Quantum information pro-
cessing schemes rely on the ability to coherently ma-
nipulate and couple (or entangle) the qubits—quantum
analogs of classical bits. The main stumbling blocks
en route to the realization of useful quantum comput-
ers, comprised of many qubits, are: (i) fidelity loss due
to decoherence, which grows with the amount of single-
and two-qubit operations and requires large redundancy
for the application of error-correction methods [2, 3];
(ii) scalability of the quantum processor, which restricts
the choice of candidate systems. Although the various
proposals and experimental demonstrations of rudimen-
tary quantum computers have thus far predominantly in-
volved optical manipulations of atoms in ion traps [4],
high-Q cavities [5, 6], optical lattices [7] and microtraps
[8, 9, 10], the low fidelity and/or difficulties with scal-
ability of these schemes cast doubts on their suitability
for truly large-scale quantum computation. Solid-state
quantum processors with quantum dots [11, 12, 13] or
active dopants [14, 15, 16] appear to be more promising,
both principally and technologically.
In a recent publication [17] we have proposed a com-
bined optical/solid-state approach that can significantly
improve the speed, fidelity and scalability of a quantum
processor. The crux of this approach is the concept of
dimer qubit, wherein two similar two-level systems (e.g.,
quantum dots), separated by a few nanometers and in-
teracting with each other via the resonant dipole-dipole
interaction (RDDI) [18, 19, 20], form an effective dimer,
whose ground and subradiant [21] states serve as robust
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qubit states. It is the purpose of this paper to give a
complete account of that scheme and compare it with
other related systems proposed for physical realization of
quantum computation. We will show that all the basic in-
gredients of quantum computation [22], i.e., state prepa-
ration, universal logic gates and qubit readout, are realiz-
able by optical manipulations of these dimers. A scalable
quantum processor is envisioned in a cryogenically-cooled
solid-state host material doped with such dimers at con-
trollable nanoscale separations.
The paper is organized as follows. In Sec. II we re-
view the resonant dipole-dipole interaction between two
two-level systems (atoms), which build our dimer qubit.
We then discuss the laser-dimer interaction and outline
the mechanism by which the qubits are manipulated and
measured. In Sec. III we study the dipole-dipole interac-
tion between pairs of closely spaced dimers, which medi-
ates their entanglement. Finally, in Sec. IV we describe
the implementation of the scalable quantum processor,
followed by the concluding remarks.
II. THE QUBIT
In this section we will introduce the notion of “dimer
qubit” and outline the principles of its manipulation and
measurement.
A. Resonant dipole-dipole interaction
Let us first recall the cooperative properties of two
identical two-level atoms (TLAs), 1 and 2, at fixed po-
sitions r1 and r2, whose ground and excited states are
labeled as |g1,2〉 and |e1,2〉, respectively [Fig. 1(a)]. The
atoms interact with each other via the continuum of free-
space modes of electromagnetic field. Using the stan-
dard Born-Markov approximation to eliminate the vac-
uum modes of the photonic continuum [18, 19], one can
derive an effective non-Hermitian Hamiltonian for the
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FIG. 1: (a) Two TLAs 1 and 2, separated by normalized dis-
tance ζ, interact via RDDI and exchange a single excitation.
(b) Energy level diagram of the resulting “dimer” states of
the system.
system of two TLAs, which can be cast in a form
H = HAtom + VRDDI. (1)
Here the first term
HAtom = ~(ωeg − iγ/2)( |e1〉〈e1| + |e2〉〈e2| ) (2)
represents the atomic Hamiltonian, where ωeg is the res-
onant frequency and γ the radiative decay rate on the
atomic transition |e〉 → |g〉. The second term
VRDDI = ~ (∆− iγ12/2) ( |e1g2〉〈g1e2| + |g1e2〉〈e1g2| ),
(3)
with
∆ =
3γ
4
{
−[1− cos2 θ] cos ζ
ζ
+[1− 3 cos2 θ]
(
sin ζ
ζ2
+
cos ζ
ζ3
)}
, (4)
γ12 =
3γ
2
{
[1− cos2 θ] sin ζ
ζ
+[1− 3 cos2 θ]
(
cos ζ
ζ2
− sin ζ
ζ3
)}
, (5)
describes the resonant dipole-dipole interaction (RDDI)
between the atoms, where θ is the angle between the
direction of atomic dipole moment and the interatomic
axis, and ζ = qr12, with q = ωeg/c and r12 = |r1 − r2|,
is the normalized distance between the atoms. Thus, the
rate of coherent excitation exchange between the atoms
is given by the real part of the RDDI potential ∆, while
the imaginary part of the potential γ12 is responsible for
the cooperative radiative decay of the system. When
ζ ≫ 1, both ∆ and γ12 vanish and so does the VRDDI, and
we essentially deal with the system of two independent
atoms described by the Hamiltonian H = HAtom.
In the opposite limit of small interatomic separations
ζ < 1, the natural basis of sates for the two-atom sys-
tem is the molecular basis. The transformation form the
atomic to molecular basis is achieved via the diagonal-
ization of the Hamiltonian (1). This yields the dressed
by the RDDI “dimer” eigenstates
|G〉 = |g1g2〉, |E〉 = |e1e2〉,
|±〉 = 1√
2
( |e1g2〉 ± |g1e2〉),
(6)
with the corresponding eigenvalues
λG = 0, λE = 2ωeg − iΓE/2,
λ± = ωeg ±∆− iΓ±/2,
as shown in Fig. 1(b). Thus the symmetric (superradi-
ant) |+〉 and doubly-excited |E〉 eigenstates have corre-
sponding decay rates Γ+ = γ + γ12 and ΓE = 2γ which
exceed that of a single isolated atom, while the decay rate
Γ− = γ − γ12 of the antisymmetric (subradiant) eigen-
state |−〉 is suppressed [21]. For very small interatomic
separations ζ ≪ 1 and θ = pi/2, the real part of the
RDDI potential ∆ and decay rates of the corresponding
dimer states can be approximated as ∆ ≈ 3γ/(4ζ3)≫ γ,
Γ+ ≈ ΓE = 2γ, and Γ− ≈ γζ2/5≪ γ.
B. Dimer-laser interaction
Let us irradiate the pair of atoms with a laser field
E(r, t) = Eei(kr−ωt) having frequency ω ∼ ωeg, wave
vector k, and phase ϕ (E = |E|eiϕ). The Hamiltonian (1)
for the system of two atoms acquires now an atom-field
interaction term
VAFI = ~Ωe
−iωt(eikr1 |e1〉〈g1| + eikr2 |e2〉〈g2| ) + H. c.,
(7)
where Ω = µE/~ is the Rabi frequency of the field for
a single isolated atom, µ being the dipole matrix ele-
ment for the atomic transition |g〉 → |e〉. Then, in the
RDDI-dressed basis (6), the interaction-picture Hamilto-
nian takes the form
Hint/~ = (δ −∆− iΓ−/2) |−〉〈−| + (δ +∆− iΓ+/2) |+〉〈+| + (2δ − iΓE/2) |E〉〈E|
+Ω−( |−〉〈G| − |E〉〈−| ) + Ω+( |+〉〈G| + |E〉〈+| ) + H. c., (8)
3where δ = ωeg − ω is the laser field detuning from the
|g〉 → |e〉 transition resonance and
Ω± =
1√
2
Ω [1± e−ikr12 ].
Thus, the Rabi frequencies (coupling strengths) of the
laser field on the dimer transitions |G〉 → |−〉 and |−〉 →
|E〉 are equal to ±Ω−, respectively, and on the transitions
|G〉 → |+〉 and |+〉 → |E〉 are equal to Ω+. In the limit
of small interatomic separations, r12 ≪ k−1, one has
Ω+ ≃
√
2Ω, Ω− ≃ i Ω√
2
ζ cosφ,
where φ is the angle between the vectors k and r12. Note
that Ω− identically vanishes if the laser field propaga-
tion direction is perpendicular to the interatomic axis,
k ⊥ r12, while, in the case of ζ ≪ 1, it is maximized for
the k ‖ r12 configuration. In physical terms, the subradi-
ant |G〉 → |−〉 transition exhibits a quadrupolar behav-
ior and dipole-moment suppression, due to destructive
interference of the two-atom interactions with the field,
as opposed to their constructive interference in the su-
perradiant |G〉 → |+〉 transition.
Consider first the case of δ ≃ ∆, i.e., the frequency
of electric field ω is resonant with the dimer transition
|G〉 → |−〉 [Fig. 1(b)]. If the initial state of the dimer is
either |G〉 or |−〉, the transitions |G〉 → |+〉 and |−〉 →
|E〉 are nonresonant, as they are detuned by 2∆. Then,
provided ∆ ≫ γ,Ω, we can adiabatically eliminate the
nonresonant states |+〉 and |E〉, obtaining an effective
two-level system described by the Hamiltonian
H
(−)
eff /~ = −iΓG/2 |G〉〈G| − iΓ−/2 |−〉〈−|
+Ω− |−〉〈G| +H. c. (9)
Here ΓG = Γ+|Ω+|2/(2∆)2 is the relaxation rate of
the ground state |G〉 due to its nonresonant coupling
with the superradiant state |+〉, while the residual Stark
shifts |Ω+|2/(2∆) and |Ω−|2/(2∆) of levels |G〉 and |−〉,
respectively, are absorbed in the laser field detuning,
δ = ∆ − (|Ω+|2 − |Ω−|2)/(2∆) ≃ ∆. Assuming that
|Ω−| ≫ Γ− and |Ω+| ≪ 2∆, i.e., ζ ≪ |Ω|/γ ≪ ζ−3,
and therefore neglecting for the moment the relaxation
terms in (9), the resulting evolution operator U(T ) =
exp
(
− i
~
∫ T
0 H
(−)
eff dt
)
takes the familiar form
U(T ) =
[
cos |Ω−|T −ieiϕ sin |Ω−|T
−ie−iϕ sin |Ω−|T cos |Ω−|T
]
,
which describes the coherent Rabi osculations between
levels |G〉 and |−〉 with frequency Ω−.
Consider now the opposite case δ ≃ −∆, when the
frequency of electric field ω is resonant with the dimer
transition |G〉 → |+〉 [Fig. 1(b)]. For the dimer initially
in state |G〉, the transition |G〉 → |−〉 is detuned by
2∆ ≫ Γ−,Ω−. Similarly to the previous case, we can
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FIG. 2: (a) Single-qubit rotations are realized by the laser
field Ω
(r)
− resonant with the qubit transition |G〉 ↔ |−〉 of
the dimer. (b) During the readout, if the qubit state is |G〉,
the laser field Ω
(p)
+ resonant with the dimer transition |G〉 →
|+〉 induces strong fluorescence, which is monitored by the
detector D.
then neglect the nonresonant transitions |G〉 → |−〉 and
|+〉 → |E〉, obtaining the effective Hamiltonian
H
(+)
eff /~ = −iΓ+/2 |+〉〈+| +Ω+ |+〉〈G| +H. c. (10)
Since the decay rate of the superradiant state is large,
Γ+ ≈ 2γ, for moderate field amplitudes Ω ∼ γ the co-
herent Rabi oscillations on the transition |G〉 → |+〉 will
not persist. Rather, the system will very quickly settle to
the steady-state, in which the populations of states |+〉
and |G〉 are given, respectively, by
ρ++ ≃ |Ω+|
2
(Γ+/2)2 + 2|Ω+|2 , ρGG ≃ 1− ρ++.
C. Single-qubit rotations
Now we are in a position to introduce the concept of
subradiant dimer qubit. The two basis states of the
qubit are represented by the dimer ground |G〉 and
subradiant |−〉 states. An arbitrary single-qubit op-
eration (rotation) can be performed by the laser field
Er = Erei(krr−ωrt) with wave vector kr ‖ r12 and fre-
quency ωr = ωeg − ∆ that is resonant with the qubit
transition |G〉 → |−〉 [Fig. 2(a)]. As an example, a laser
pulse of area Ω
(r)
− T = pi/2 (pi-pulse [23]) would realize the
not gate that interchanges the qubit states |G〉 ↔ |−〉.
Similarly, a pulse with the phase ϕ = −pi/2 and area
Ω
(r)
− T = pi/4 (pi/2-pulse) would realize, to within the
phase-flip of state |−〉, the Hadamard transformation.
It is easy to estimate the error per single-qubit rotation
operation. During the qubit flip time Tflip = pi/(2|Ω(r)− |),
the error probability due to the spontaneous emission
from the subradiant state |−〉 has the upper bound
4γ
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FIG. 3: Schematic representation of an atomic system where
the qubit basis states correspond to the long-lived ground
states |g1〉 and |g2〉, and single qubit rotations are performed
via two Raman fields acting on the transitions |g1〉 → |e〉 and
|e〉 → |g2〉.
P sp− ≤ Γ−Tflip = piγζ/(5
√
2Ωr), while the error prob-
ability due to the population transfer from the ground
state |G〉 to the superradiant state |+〉 satisfies P tr+ ≤
Γ+|Ω(r)+ |2Tflip/(2∆)2 = 8
√
2piΩrζ
5/(9γ). Minimizing the
total error probability Pqubit = P
sp
− +P
tr
+ with respect to
Ωr, we find that, given the values of γ and ζ, the smallest
error per gate operation is attained for Ωr/γ ≃ (3ζ2)−1,
for which Pminqubit ≤ 2γ/∆ ≃ 2.65ζ3. As an example, for
the parameters ζ ≃ 0.033 and Ωr/γ ≃ 300, the RDDI
strength is ∆ ≈ 2× 104γ, the decay rate of the antisym-
metric state is Γ− ≈ 2×10−4γ, and the error probability
during the qubit flip-time is Pminqubit ≤ 10−4, as compared
to the corresponding error probability for a single atom
P spatom ≤ piγ/(2|Ωr|) ≃ 5× 10−3. Such small memory and
gate operation errors are amenable to error correction
[2, 3].
Let us compare the present scheme with another com-
mon scheme [5, 7, 12, 16], where the qubit basis states
are represented by two metastable ground states |g1〉 and
|g2〉 of an isolated atom (Fig. 3). The single-qubit ro-
tations are performed by two laser fields tuned to the
two-photon Raman resonance between the two ground
states. In order to minimize the losses, these fields are
strongly detuned from the excited state |e〉 by detun-
ing δe ≫ γe, where γe is the spontaneous decay rate of
that state. For simplicity, let us assume that the Rabi
frequencies of both Raman fields are equal to ΩR. Then
the effective Rabi frequency on the two-photon transition
|g1〉 → |g2〉 is given by Ω(R)eff = Ω2R/δe. Hence, during the
qubit flip time T
(R)
flip = pi/(2Ω
(R)
eff ), for the error probabil-
ity due to the decay from the excited state |e〉 we obtain
P spe ≤ γe|ΩR|2T (R)flip /δ2e = piγe/(2δe). With the parame-
ters similar to those for the dimer qubit, Ω
(R)
eff ≃ Ω(r)− and
ΩR/γe ≃ 300, which yields δe ≈ 1.3 × 104γe, we obtain
that P spe ≃ 1.2 × 10−4, which is comparable to the er-
ror probability in our scheme. However, the dimer qubit
based on the RDDI between TLAs is easier to manipulate
since it requires only one laser field.
D. Qubit measurement
Next we outline the readout scheme. The method
we propose is similar to the electron shelving or quan-
tum jump technique [24]. In order to measure the
state of the qubit, we irradiate it with the probe field
Ep = Epei(kpr−ωpt) having frequency ωp = ωeg+∆ that is
resonant with the dimer transition |G〉 → |+〉, and col-
lect the fluorescence signal from the superradiant state
|+〉 [Fig. 2(b)]. The Rabi frequency on that transition
is Ω
(p)
+ , while on the qubit transition |G〉 → |−〉, from
which the probe field is detuned by 2∆≫ Ω(p)− , its Rabi
frequency Ω
(p)
− is much smaller. Therefore the presence
or absence of fluorescence will indicate whether the qubit
is in the “bright” state |G〉 or in the “dark” state |−〉.
With the qubit in state |G〉, the probability of detecting
the fluorescence by a detector with finite efficiency η < 1
during the time Tpr the probe field is on, is given by
P flG = ηΓ+
|Ω(p)+ |2
(Γ+/2)2 + 2|Ω(p)+ |2
Tpr, (11)
which, in the case of Ωp > γ, can be approximated as
P flG ≈ ηγTpr. Requiring that P flG ≃ 1, we obtain for the
detection time Tpr ≃ (ηγ)−1, which, on the other hand,
should be much smaller than the lifetime of the qubit
state |−〉, Tpr ≪ Γ−1− .
It is imperative to note, however, that the probe fre-
quency ωp exactly matches that of the transition |−〉 →
|E〉, on which the probe field Rabi frequency is −Ω(p)−
[see Eq. (8)]. Therefore, the dimer in state |−〉 can first
be excited to |E〉 by absorbing a probe photon, then de-
cay to |+〉, subsequently producing the same fluorescence
signal as if it were initially in state |G〉. One can show
that the probability of detecting the fluorescence in that
case is described by the equation
P fl− = ηΓ+
|Ω(p)+ |2
(Γ+/2)2 + 2|Ω(p)+ |2
∫ Tpr
0
[1− e−γ−+t]dt, (12)
which, with γ−+Tpr < 1, can be approximated as P fl− ≈
ηγγ−+T 2pr/2, where γ−+ = 4|Ω(p)− |2/ΓE = |Ωp|2ζ2/γ is
the rate of transition |−〉 → |+〉 due to the absorption
of a probe photon and consequent decay from the state
|E〉. Requiring that P fl− ≪ 1, while still P flG ≃ 1, we
obtain the following condition on the system parameters,
Ωp/γ <
√
2η/ζ. With a realistic η ≃ 0.3 and Ωp/γ ≃ 3
(ζ ≃ 0.033), for the reliability of the measurement we
obtain
P flG
P flG + P
fl
−
=
2η
2η + (Ωpζ/γ)2
= 98%.
We finally note that if the propagation direction of the
probe field is perpendicular to the interatomic axis, then
Ω
(p)
− = 0 and the above idle fluorescence does not occur
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FIG. 4: (a) Dimers A and B are separated by normalized
distance ξ > ζ. An external ac Stark field can switch on
and off the RDDI between the dimers. (b) When the qubit
transitions of dimers A and B are brought to resonance, they
start swapping a single excitation.
at all during the lifetime of state |−〉. As will be seen
below, however, such a setup is not very convenient for
assembling a quantum processor containing many qubits,
which necessitates the above analysis. It is also clear now
that if the same probe laser is applied to the qubit for a
longer time Tpr ≥ γ−1−+, it will initialize the state of the
qubit to its ground state |G〉.
III. ENTANGLEMENT BETWEEN QUBITS
Universal quantum computation requires the imple-
mentation of arbitrary single-qubit rotations addressed
in the previous section and two-qubit logic gates. Here
we will discuss two mechanisms for entangling pairs of
dimer qubits at well defined locations.
A. Swap gate
Consider the RDDI between two dimers A and B sep-
arated by normalized distance ξ = qrAB satisfying the
condition ζ < ξ ≪ 1 [Fig. 4(a)]. Since during the op-
eration of the quantum computer only the qubit states
of the dimers are populated, we can simplify our treat-
ment of the dimer-dimer interaction by considering only
the interaction between two two-level systems with the
ground and excited states |G〉 and |−〉. Then, from the
above analysis we infer that the real part of the RDDI
potential between the dimers, responsible for the coher-
ent excitation exchange between state |−〉A of dimer A
and state |G〉B of dimer B and vice versa [Fig. 4(b)], can
be approximated as ∆
(−)
AB ≃ 3Γ−/(4ξ3) = 3γζ2/(20ξ3).
Let us assume that we have a means to selectively con-
trol the frequencies of transitions |G〉 → |−〉 in both
dimers. This can be accomplished, for example, by apply-
ing a far off-resonant standing-wave electric field whose
node position coincides with the location of dimer A.
Then at the positions of the two dimers the electric field
amplitudes will differ and dimers A and B will experi-
ence different ac Stark shifts [Fig. 4(a)]. If the differ-
ence in the qubit transition frequencies of the two neigh-
boring dimers exceeds their coupling strength ∆
(−)
AB , the
excitation exchange (swap) between them is effectively
switched off. To switch the interaction on, one shifts the
Stark field profile along the A−B axis until qubit tran-
sitions of the two dimers become resonant. Then, during
the time Tswap = pi/(2∆
(−)
AB), the following transforma-
tion takes place,
|−〉A(B) |G〉B(A) → −i |G〉A(B) |−〉B(A), (13)
while other initial states of the two qubits, |−〉A |−〉B
and |G〉A |G〉B, remain unaffected. This is the essence of
the swap gate between two qubits.
In the same way, one can realize the square-root of
swap (
√
swap) gate between two qubits. By switch-
ing on the interaction for time T√
swap
= pi/(4∆
(−)
AB), one
can fully entangle the two qubits, attaining an equally
weighted superposition of swap and no-swap,
|−〉A(B) |G〉B(A) →
1√
2
[ |−〉A(B) |G〉B(A)−i |G〉A(B) |−〉B(A)].
(14)
Let us estimate the fidelity Fswap of the swap oper-
ation. The main source of error in this scheme is the
cooperative spontaneous decay of the excited states of
the qubits, P spswap ≤ 2Γ−Tswap = 4piξ3/3. With inter-
dimer separation ξ ≃ 0.1 ≫ ζ, this leads to the swap
gate fidelity Fswap = 1− P spswap ≥ 0.996.
We note that the decoherence-free subspace approach
[25, 26] advocates the use of four physical qubits (TLAs)
for a single logical qubit represented by two subradiant
states of the four-atom system. The universal set of
quantum gates relies on the exchange interaction (swap)
between pairs of atoms located at a logical qubit (for
single-qubit rotation) or at different logical qubits (for
two-qubit gate), which can be turned on and off via ex-
ternally applied electric or magnetic fields. Our dimer
qubit approach allows for more efficient use of the sys-
tem resources (two atoms per qubit), along with simpler
and more robust manipulation.
B. Fast controlled-phase gate
We now describe an alternative scheme implementing
a fast controlled-phase (cphase) logic gate between two
qubits [Fig. 5]. Suppose that we irradiate the dimers
with a laser field acting on the auxiliary transition |G〉 →
|+〉, and thereby populating the state |+〉. This will in-
duce the RDDI between two closely spaced dimers caus-
ing an excitation exchange between state |+〉A of dimer
A and state |G〉B of dimer B and vice versa. Using the
above analysis, we obtain that the strength of the inter-
action is given by ∆
(+)
AB ≃ 3Γ+/(4ξ3) = 3γ/(2ξ3), which
is much larger than ∆
(−)
AB , since Γ+/Γ− ≃ 10/ζ2 ≫ 1.
Therefore, during a time interval that is small compared
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FIG. 5: (a) Geometry of the system of two dimers and their
internal level structure. Each qubit can be addressed sepa-
rately by a laser field with kr ‖ r12. Two-qubit interaction is
mediated by a coupling field with kc ‖ rAB . (b) Eigenstates
of the combined system of two dimers.
to |∆(−)AB |−1, we can neglect the RDDI between the dimers
on the qubit transitions |G〉A,B → |−〉A,B in comparison
to that on the auxiliary transitions |G〉A,B → |+〉A,B.
To the same accuracy, the eigenstates of the combined
system of two dimers are given by
|GAGB〉, |+A +B〉,
|M〉 = 1√
2
( |+A GB〉 − |GA+B〉),
|P 〉 = 1√
2
( |+A GB〉+ |GA+B〉).
Thus, the singly excited states |M〉 and |P 〉, having the
decay rates ΓM ≃ Γ+ξ2/5 and ΓP ≃ 2Γ+, correspond,
respectively, to the antisymmetric and symmetric com-
binations of the superradiant |+〉 and ground |G〉 states
of two dimers [Fig. 5(b)].
The geometry of the system is depicted in Fig. 5(a),
where the interatomic axis of each dimer is perpendicu-
lar to the inter-dimer axis, rA,B12 ⊥ rAB. Each qubit can
be separately addressed by the laser field with kr ‖ r12,
as described in Sec. II C. To perform a two-qubit logic
gate, we irradiate the system with the coupling field
Ec = Ecei(kcr−ωct) having wave vector kc ‖ rAB and
frequency ωc = ωeg + ∆ − ∆(+)AB that is resonant with
the transition |GAGB〉 → |M〉. The Rabi frequencies
of this field on the transitions |GAGB〉 → |M〉 and
|GAGB〉 → |P 〉 are equal, respectively, to Ω(c)M = Ωcξ
and Ω
(c)
P = 2Ωc. Since kc ⊥ rA,B12 , this field does not
couple to the qubit transitions of the dimers. During the
time Tcphase = pi/Ω
(c)
M , the system of two dimers, being
initially in the state |GAGB〉, will undergo one Rabi cy-
cle on the transition |GAGB〉 → |M〉 and the following
transformation will take place,
|GAGB〉 → − |GAGB〉, (15)
while all other initial states, such as |−〉A |−〉B and
|−〉A(B) |G〉B(A), will remain unaffected. This is due to
the fact that the RDDI between the dimers is present only
if their combined state is either |G〉A |+〉B or |+〉A |G〉B .
Otherwise there is no resonance in the system corre-
sponding to the frequency ωc of the coupling field and,
consequently, the field does not interact with the sys-
tem. Transformation (15) results in a pi phase shift of
the state |GAGB〉 which corresponds to the cphase logic
gate. The comparison of operation times of the swap and
cphase gates yields Tswap/Tcphase = 10Ωcξ
4/(3γζ2).
We now estimate the fidelity of the cphase gate.
The first source of error is the spontaneous emission
from state |M〉, P spcphase ≤ ΓMTcphase = 2piγξ/5Ωc.
Next, an error may occur if the coupling field transfers
some population from the ground |GAGB〉 to the ex-
cited |P 〉 state of the system, from where it will decay
back to the ground state with random phase, P tr
cphase
≤
ΓP |Ω(c)P |2Tcphase/(2∆(+)AB)2 = 16piΩcξ5/(9γ). The last
source of error comes about when only one of the qubits is
in the ground state |G〉 and, therefore, the cphase gate
is not executed. However, the application of the Ec field
to that qubit may result in a small population transfer
to the superradiant dimer state |+〉. The probability of
that process, P˜ tr
cphase
≤ Γ+|Ω(c)+ |2Tcphase/(∆(+)AB)2, turns
out to be equal to P tr
cphase
. Minimizing the total error
probability Pcphase = P
sp
cphase+P
tr
cphase
with respect to Ωc,
we have Pmin
cphase
≤ 8γ/∆(+)AB ≃ 5.3ξ3 for Ωc/γ = (2ξ2)−1.
With ξ ≃ 0.1 > ζ and Ωc/γ ≃ 50, we obtain for the
cphase gate fidelity Fcphase = 1−Pmincphase ≥ 0.995, which
is similar to that of the swap gate. However, for the cho-
sen parameters, the cphase gate is 15 times faster than
the swap gate.
We note finally that a related scheme implementing
the cphase logic gate between two closely spaced Ra-
man qubits (Fig. 3) have been proposed in [7]. In
that scheme, one applies to the pair of atoms A and
B, trapped in an optical lattice, a “catalysis” field EC
having frequency that is near-resonant with the atomic
transition |g2〉 → |e〉. The detuning of that field δ(C)e is
smaller than the splitting of the ground states |g1〉 and
|g2〉 but larger than the RDDI strength ∆(R)AB ≃ 3γe/(4ξ3)
between the atoms on the transitions |g2〉A,B → |e〉A,B.
Therefore the RDDI is induced only if both atoms are
in state |g2〉. During the interaction with the catalysis
field, different initial states of the system, |g1〉A |g1〉B,
|g1〉A(B) |g2〉B(A), and |g2〉A |g2〉B , experience the corre-
sponding ac Stark shifts Sg1g1 = 0, Sg1g2 = 2|ΩC |2/δ(C)e
and Sg2g2 = 2|ΩC |2/[δ(C)e −∆(R)AB] ≃ Sg1g2 [1+∆(R)AB/δ(C)e ].
Thus, to perform the cphase gate, one applies the
catalysis field for time T
(R)
cphase = pi/(Sg2g2 − Sg1g2) =
piδ
(C)
e /[∆
(R)
ABSg1g2 ]. However, the single-atom phase-sifts
Sg1g2T
(R)
cphase, accumulated during the gate operation,
should be removed through appropriate pulses acting
on individual atoms before and after they are made to
interact. The probability of error due to the sponta-
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FIG. 6: Schematic drawing of the proposed quantum proces-
sor with RDDI dopants in solid state host.
neous emission from the excited states |e〉A,B is given by
P
(R)
cphase ≃ 2γeSg1g2T (R)cphase/δ(C)e = 8piξ3/3. With ξ ≃ 0.1,
which here has a meaning of the Lamb-Dicke parameter,
the error probability P
(R)
cphase ≃ 8× 10−3 is slightly larger
than in our scheme. More dramatically, however, for sim-
ilar field strength ΩC/γe ≃ 50 and δ(C)e ≃ 5∆(R)AB ≫ ΩC ,
we find that our implementation of the cphase gate, in
addition to being simpler, is T
(R)
cphase/Tcphase ≃ 20 times
faster.
IV. IMPLEMENTATION OF QUANTUM
PROCESSOR
Having established all the basic physical principles of
operation of the proposed quantum processor, we now de-
scribe its possible realization. The processor is composed
of a solid-state host doped with active atoms. These
atoms should have a non-degenerate ground state, since
otherwise the coupling between atoms via vacuum modes
of the continuum can mix various degeneracy states [20],
which would invalidate the simple two-level atomic model
we have explored in this paper. Among the possible
dopants, pairs of semiconductor quantum dots, often re-
ferred to as artificial atoms [27], with controllable sep-
arations of few nanometers [28], appear to be the best
choice for our scheme, due to their large dipole moments
and tailorable optical properties.
In Fig. 6 we show the scheme of the proposed quantum
processor with RDDI dopants in solid state host. There,
the qubits are represented by the ground and subradi-
ant states of the dimers formed by pairs of closely spaced
atoms. Individual qubits are addressed by laser fields
with frequency ωr and wave vector parallel to the in-
teratomic axis, kr ‖ r12, using the near-field technique.
The polarization of the field can be chosen such that it
acts only on the atomic transition from the nondegener-
ate ground state to one of the sublevels of the excited
state. This further justifies the validity of the two-level
description of the atoms.
Throughout this paper we assumed that the relaxation
of the excited atomic state |e〉 is conditioned merely by
the radiative decay. This assumption has resulted in a
strong suppression of decoherence on the qubit transition
due to the subradiant nature of the antisymmetric state
of the dimer. For this to be valid, during the operation
of the quantum processor all the competing nonradiative
decay processes must be strongly suppressed. This can
be accomplished by working below the liquid helium tem-
peratures, at which the density of crystal phonons is neg-
ligible [29], and/or using fast ac Stark modulation of the
vibrationally relaxing levels [30]. Another important is-
sue that has to be briefly addressed here is the influence of
the inhomogeneous broadening of the atomic resonances.
Consider two near-RDDI atoms having slightly different
resonant frequencies, ω
(2)
eg −ω(1)eg = δωeg ≪ ω(1,2)eg , due to,
e.g., size inhomogeneity of the quantum dots and/or local
defects of the host material. One can show that this fre-
quency mismatch results in an increase of the decay rate
Γ− of the qubit excited state |−〉, given by γ δω2eg/(8∆2).
If we require that this additional relaxation rate does not
exceed Γ− for two resonant atoms, we obtain the follow-
ing condition on the width of the inhomogeneous broad-
ening δωeg ≤ γ/ζ2, which, for interatomic separations
ζ ∼ 2 − 5 nm and optical or near infrared transitions,
is by three orders of magnitude larger than the width
of homogeneous broadening γ of the atomic transition
|g〉 → |e〉.
It is known that using a suitable sequence of one-qubit
rotations and two-qubit entanglement one can obtain any
desired unitary transformation of the system [1]. With
the arrangement of dimers shown in Fig. 6, our scheme
is capable of implementing two different two-qubit logic
gates. The cphase gate between two qubits A and B is
executed by a coupling field whose wave vector points in
the direction of the interqubit axis, kc ‖ rAB. Since, in
general, for any pair of qubits the vector rAB is different,
the frequency ωc of the coupling laser is also different,
which facilitates selective entanglement of a chosen pair
of qubits A and B. The swap gate between neighbor-
ing qubits is always present. It can be used to convey
the information in the quantum processor, step-by-step
from one qubit to another, between the qubits that are
separated by large distances, over which the direct RDDI
between them vanishes. To neutralize the swap, one can
flip the qubits at time intervals that are short compared
to [∆
(−)
AB ]
−1, which is equivalent to the spin echo tech-
nique used in NMR [31]. Otherwise the
√
swap gate
between two qubits A and B can be switched on and off
via external ac Stark fields. Finally, the readout is per-
formed by shining at the qubit a probe laser with the
frequency ωp and detecting the fluorescence if the qubit
state is |G〉. The same probe laser, if shined at the qubit
for a time longer than γ−1−+, will initialize the state of the
qubit to its ground state |G〉.
To conclude, we have proposed a realization of a quan-
tum processor using near-resonant dipole-dipole interact-
ing dopants in a solid state host. We have shown that
the ground and long-lived subradiant states of the effec-
tive dimers, formed by pairs of closely spaced two-level
systems, can serve as reliable qubit states. A robust
measurement scheme of the qubit, based on the electron
shelving technique, has also been discussed. The two-
8qubit entanglement can be realized either by coherent
excitation exchange between the dimers, or by coupling
the qubits via external laser fields.
We have also compared our scheme with other schemes
proposed in the literature and have shown that the
present scheme offers reliable single- and two-qubit quan-
tum gates. Another noteworthy advantage is that our
system is capable of realizing practically important quan-
tum computation that requires large number of qubits,
which is known to be hardly achievable in ion trap [4],
cavity QED [5, 6], or NMR [31] based schemes. Al-
though our proposal for solid-state quantum processor
relies on significant experimental advances in nanofabri-
cation technology, there are no principle limitations on
the scalability of this scheme.
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